Abstract-This letter validates a previously reported concept regarding the capability of transmitting multiple signals using one RF chain and a compact switched parasitic array (SPA). The experiments were conducted in an indoor environment using a 2.6 GHz prototype made of a single active printed dipole coupled to two passive ones. To the best of our knowledge, this is the first over-the-air experiment of spatial multiplexing with a single RF frontend yet to be demonstrated.
Spatial Multiplexing with a Single Radio: Proof-of-Concept Experiments in an Indoor Environment with a 2.6-GHz Prototype
I. INTRODUCTION
A NALOGUE SPATIAL MULTIPLEXING techniques using compact parasitic antennas with a single RF chain have recently been reported [1] [2] [3] [4] [5] . The main idea of using an SPA for emulating a MIMO terminal is to smartly encode the signals onto the beampattern variations by parasitically controlling the driving antenna. This is done by mapping the independent datastreams onto a predefined basis that composes the SPA far-field.
Background: In [1] , the authors proposed the idea of mapping the signals onto a set of predefined cardioids in the SPA far-field. By defining the spatial basis functions as ℬ 1 ( ) and ℬ 2 ( ), the desired beampattern in the far-field becomes 1 ℬ 1 ( ) + 2 ℬ 2 ( ), where 1 and 2 are the signals to be spatially multiplexed. The reactive loads of the SPA were optimized for creating the (most accurate) linear combinations of the basis functions, under BPSK signaling. The work has been enhanced in [2] as an orthogonal spatial basis was obtained by decomposing the Euler functions comprising the SPA far-field. The approach in [2] maintains the SPA efficiency in case of BPSK signaling and preserves the SPA loadings as a degree of freedom to be optimized regarding a given criterion. The criterion was chosen to be the outage rate in [3] and finally the technique has been scaled to any PSK signaling dimension in [4] .
Current Contribution: The current letter validates the concept of analogue MIMO transmission over the air in an indoor office environment. The experiments took place in the Broadband Wireless and Sensor Networks (B-WiSE) lab of Athens Information Technology. The target is to transmit two BPSK datastreams over the air via a single RF source at the transmit side as detailed later. The rest of the paper is organized as follows: Section II describes the transmit and receive subsystems. Section III describes the experiment setup whereas Section IV highlights the experiment results. Finally the paper concludes with its results.
II. TRANSMIT AND RECEIVE SUBSYSTEMS
The experiments were conducted using a 2.6 GHz SPA prototype shown in Fig. 1 , which has been fully modeled and optimized in [5] . The SPA consists of three printed dipoles (central active surrounded by two parasites) where the planar topology makes it better fit for handheld terminals. The dipoles' spacing is 11mm and the dipoles' lengths are 42mm. The SPA is optimized for BPSK signaling [6] , regarding the average rate of communication at a target frequency of 2.6 GHz. The antenna system maintains a transmit efficiency above 95% while switching its loading state (the loads are switched using the Aeroflex Metelics MPN7310A-0805 PIN diode). The choice of the operating frequency was determined by the MMDS band (2.5 − 2.7 GHz) at which the available MIMO testbed operates. The testbed consists of a transmit subsystem unit shown in Fig. 2 (the receive subsystem unit is not shown for the lack of space) supporting up to two RF modules (however in this experiment only one RF module is used at the transmit side and two at the receive side). The synchronization of the MIMO testbed is made through a GPS synchronization unit. Fig. 3 shows a simplified schematic diagram of the signal flow at the transmit side. A digital baseband signal generated by the SBC62 stand alone DSP card is converted to analog using the DAC40 omnibus module (both the DSP and the DAC are from Innovative Integration [7] ). The SBC62 DSP stand alone card is based around the Texas Instrument TMS320C6201 processor whereas the DAC40 is a four channel analog output module. Each channel is independent and capable of generating 40MHz waveform via 14-bit converters. The four DAC channels are used to generate In-phase and Quadrature-phase baseband inputs to every RF module. The analog baseband is up-converted to the desired frequency in the MMDS band and transmitted through the antennas after passing through a bandpass RF filter. In the next section we describe how a baseband control signal is used to mimic a second stream of data at the transmit side.
On the other hand, the signals are captured by two omnidirectional antennas spaced by 23cm or 2 . The received signal passes through the RF filters to the RF modules where it is down-converted to the analog baseband and digitized using the A4D1 omnibus module. The omnibus module is a 10 MHz 14-bit ADC of four channels from Innovative Integration.
III. EXPERIMENT DESCRIPTION

A. Signal Processing Before Transmission
Two binary trains of pulses was generated at a bit rate of 410kbps each. The first train was modulated into a BPSK symbol stream (using a raised-cosine waveform with 0.3 rolloff factor) and up-converted to 2.6 GHz. The high frequency modulated signal is used to drive the active antenna element (the central element of the SPA shown in Fig. 1 ). The second binary train was XORed with the first binary train in the baseband domain and the output baseband control signal was amplified and used for switching the SPA loads ( 1 ⇋ 2 ). The amplification of the baseband control signal is necessary as the switching diodes of the parasitic antenna elements need a minimum range of ±6V in order to operate, whereas the output of the DAC ranges between ±2 . Fig. 4 shows the comparator circuit that was used to magnify the voltage level of the control signal, using the LM6171 high-speed low-power low-distortion feedback amplifier from National Semiconductors [8] . The sources 1 = +9.7 and 2 = +8.9 are taken from an external DC power supply giving an output of ±9 with a negligible transient delay compared to the symbol period. The amplifier offers a high slew rate of 3600V/ and a unity-gain bandwidth of 100 MHz and is capable of amplifying the input signal with a switching frequency of 500 KHz and an amplitude ranging between ±2 . Fig. 4 shows also the input and output control signals i.e. the control signals before and after amplification, as well as the switching transients (it can be observed that the transient delay is indeed negligible compared to the symbol period).
B. Signal Processing After Reception
As the data symbols are carried over two spatial functions over the air, the receiver needs to estimate its antenna responses to the two basis functions using a predefined training sequence (a training sequence of 8 BPSK symbols was used for every BPSK substream). The SPA far-field ( ) is at one of two states: [5] . The receiver constructs the equivalent channel matrix representing the receive antenna responses to the spatial basis functions. The equivalent matrix is used for equalizing the received signal and decoupling the two BPSK symbol streams. We have adopted the linear zero-forcing as a simple decoding technique, thus the estimated transmitted signal becomesx
where H is a 2 × 2 matrix given by
such that H , { , } ∈ {1, 2} is the response of the th receive antenna to ℬ ( ), whereas ℎ , { , } ∈ {1, 2} is the response of the th receive antenna to ( ), according to the relations between ( ) and ℬ ( ), ∈ 1, 2 [5] ; the operator (.) inverts the matrix operand and finally n is a vector representing the additive white Gaussian noise with zero mean and variance. Every demodulated signal comprises of two noisy clouds such thatx 1 = c 1 ∪ c 2 andx 2 = c 3 ∪ c 4 as shown in Fig. 5 . The signal-to-noise ratio (SNR) of the th cloud is calculated as
where {.} returns the sample mean of the operand and Var {.} returns the sample variance of the operand. The four clouds have almost the same SNR and the mean of the four SNRs is finally considered. The bit SNR referred to as / , is calculated by adding log 10 (0.5 ) to the average SNR (in dB), where is the number of samples per one symbol whereas the 0.5 factor is due to using real signaling. In this experiment, was set to 5 samples per symbol such that each transmission has 410 symbols or equivalently 2048 samples. Fig. 5 shows the received signal constellations after equalization (spatial separation), onto which the transmitted signals (red dots) are also projected, for comparison reasons. The figure shows that the two BPSK signals have been indeed decoupled at the receiver side thus validating the theory of MIMO with a single RF source. On the other hand, Fig. 6 shows the bit probability of error ( ) versus / obtained by measurements as well as the performance of a 2×2 BPSK-MIMO with a Rayleigh channel of independent and identically distributed coefficients, and zero-forcing decoding 1 . The figure shows that the performance of the beamspace MIMO is comparable to the conventional one, thus validating the importance of such a new approach for realizing single radio compactsized MIMO transceivers.
IV. EXPERIMENTAL RESULTS
V. CONCLUSION
A successful MIMO transmission at a total rate of 820kbps has been conducted over the air, using a single RF source. The experiments took place in an indoor office environment using a fast-switching 2.6 GHz prototype. The experiments constitute to the best of the authors knowledge the first successful MIMO transmission with a single RF source.
